In vitro DNA synthesis on single-stranded circular DNA can be initiated by RNA primers. RNA chains are covalently extended by DNA polymerase II from KB cells and DNA polymerase I from Micrococcus luteus, but not by an RNA-dependent DNA polymerase from avian myeloblastosis virus. The reaction product consists of DNA chains with a piece of RNA at their 5'-ends, hydrogen bonded to the template DNA. The primer RNA is linked to the product DNA via a 3':5'-phosphodiester bond, and can be specifically removed by ribonuclease H. The possible role of ribonuclease H in RNA-primed DNA synthesis in vivo is discussed.
Genetic or biochemical evidence for direct participation of RNA synthesis in DNA replication has recently been reported for Escherichia coli (1, 2) , phage lambda (3), and phage M13 (4) . In each instance, the basic observation was that lack of or inhibition of transcription of certain regions of the genome prevented DNA replication. In what way transcription is involved in DNA synthesis is not known. In the case of phage M13 DNA synthesis, the suggestion has been made that a small piece of RNA, synthesized by DNA-dependent RNA polymerase on the parental plus-strand DNA, promotes the initiation of minus-strand synthesis by acting as primer for DNA polymerase (4) .
The occurrence of such RNA-primed DNA synthesis within higher cells may well be the reason for the widespread existence of ribonuclease H (RNase H) (5) . This enzyme, now under active study in this laboratory, specifically degrades RNA hybridized to DNA, and thus is capable of removing 5'-terminal RNA primers from DNA chains if a complementary DNA strand is present. Thus, we looked at whether the mammalian DNA polymerase II from KB cells would work better if concomitant RNA synthesis was allowed. We obtained positive results; other workers (6, 7) independently reported similar observations with other systems.
In our in vitro experiments, mammalian DNA polymerase II and Micrococcus luteus DNA polymerase synthesize DNA complementary to single-stranded circular OX DNA by covalent extension, either of preformed RNA chains annealed to the template DNA (uncoupled system), or of RNA chains generated by addition of RNA polymerase to the reaction mixtures (coupled system). The RNA part of the resulting RNA-DNA chains can be specifically removed by RNase H. Templates. DNA from phage OX174 was purified as described (8) . Partial DNA-RNA hybrid was prepared by incubation of 50 jug of OX DNA for 5 min at 370 with 10 ug of E. coli RNA polymerase (see below) in a 0.5-ml reaction mixture, as specified by Chamberlin & Berg (9) except that all four ribonucleoside triphosphates were present in unlabeled form. The reaction mixture was subsequently extracted with phenol (saturated with 1 M Tris. HCl, pH 7.5) at room temperature. The material in the water phase was concentrated by alcohol precipitation, and further purified on a 1 X 25 cm column of Sephadex G-75 equilibrated with 0.1 M NaCl-0.01 M Tris-HCl (pH 7.5)-i mM Na EDTA. The buoyant density of an aliquot of the synthetic product in cesium sulfate was near 1.47 g/cm3, indicating that the RNA in the hybrid did not amount to more than a few percent of the mass of the DNA (9) .
MATERIALS AND METHODS

Reagents
Poly(dA) * oligo(dT) and poly(rA) * oligo(dT) were prepared by incubation of poly(dA) or poly(rA) (both from Miles Laboratories, Elkhart, Ind.) at a concentration of 0.2 mg/ml with 0.05 mg/ml of oligo(dT) (chain length: [12] [13] [14] [15] [16] [17] [18] Single-Strand Specific Nuclease from Neurospora was purified as described (14) , and was a gift of Dr. J. F. Sambrook. 1 ug of enzyme protein hydrolyzed about 1 ug of heat-denatured calf-thymus DNA when assayed as described in Table 3 .
RNase H from KB cells was prepared by a procedure similar to the one outlined above for KB-DNA polymerase (W.K., to be published). When assayed as described in (Table 2) . However, the extent of this synthesis in the 'uncoupled' system was much less than in reactions where RNA was synthesized simultaneously. DNA polymerase from Micrococcus luteus could replace the KB DNA polymerase both in coupled (Table 1 ) and in uncoupled reactions. However, the viral DNA polymerase was completely inactive (Tables 1 and 2 ).
Further differences between cellular and viral DNA polymerases in the response to various templates are recorded in Table 2 . When assayed with the homologous template primers poly(dA) oligo(dT) and poly(rA) -oligo(dT), the KB polymerase was active only with the deoxy template, whereas the viral enzyme displayed a very pronounced preference for the ribo polymer as template strand.
Covalent Attachment of the RNA Primer to the DNA Product. The most plausible explanation for the RNA-mediated stimulation of DNA synthesis described above is that RNA chains complementary to the DNA template are serving as primers for the covalent extension by DNA polymerase. Such a reaction would yield mixed RNA-DNA product chains, which are complementary to the template DNA and have RNA at their 5-end and DNA at their 3'-end. Evidence for the existence of such molecules has been obtained as follows.
Sedimentation of the contents of a reaction mixture from a coupled RNA-DNA synthesizing system in dimethyl sulfoxide (Me2SO)-sucrose gradients separated the template DNA from the newly synthesized RNA and DNA (Fig. 1) . The product DNA was smaller and more heterogeneous in size than the template DNA. The RNA was found in the same region of the gradient as the newly synthesized DNA, with a peak positioned toward the lighter side of the DNA peak. The fractions containing the bulk of the new DNA and the RNA from the Me2SO gradient were combined and analyzed further by equilibrium sedimentation in cesium sulfate. The results are shown in Fig. 2 . The new DNA banded close to a density of 1.46 g/cm3, which is characteristic for singlestranded OX DNA (9) . Of the RNA, 30% banded at the density of free RNA (1.63 g/cm3); the rest' was found at lower densities, with a peak corresponding to the DNA peak. Similar results were obtained when the products of a coupled reaction were denatured by heating to 870 in the presence of 0.3 M formaldehyde, and subsequently analyzed by equilibrium centrifugation in cesium sulfate, containing 0.25 M formaldehyde (not shown). Since treatment with Me2SO or heating in formaldehyde disrupts all hydrogen bonds, the was synthesized in a 4-mi reaction mixture, as described in Table 1 (complete system). The mixture was extracted with phenol, and the material in the aqueous phase was concentrated and purified on Sephadex G-75, as described in Methods. After banding of RNA at the density of DNA in equilibrium gradients must be due to a covalent linkage between RNA and DNA in the synthesized product. From the relative amounts of radioactivity incorporated into synthetic products, it was estimated that the RNA linked to DNA amounts to 3-5% of the mass of DNA in the peak fractions from cesium sulfate gradients (peak "B" in Fig. 2) . If a molecular weight (obtained by centrifugation in Me2SO-sucrose gradients) of 150,000-300,000 is assumed for the product chains, it follows that the average DNA molecule formed in this experiment contained 20-50 ribonucleotides.
To confirm the presence of a covalent bond between the RNA primer and the product DNA, RNA-DNA chains were synthesized as specified in the legend to Fig. 3 . These conditions were similar to those used before (legend to Table 1 ), except that three of the four deoxyribonucleoside triphosphates were labeled in the a-position with 82p, and the ribonucleoside triphosphates were all unlabeled and raised to a concentration of 1 mM. The product of this reaction was expected to be RNA-DNA chains, labeled only in the DNA part. If the RNA primer was covalently linked to DNA by a 3': 5'-phosphodiester bond, the 5'-phosphorus atom of the first deoxyribonucleotide should have been transferred to the adjacent ribonucleotide upon alkaline hydrolysis, resulting in a 2'-or 3'-[82P]ribonucleotide (N-1 in Fig. 3 ). This was exactly the result obtained. The products of alkaline hydrolysis were analyzed by two-dimensional chromatography on polyethyleneimine thin-layer plates, and subsequent autoradiography. As illustrated in Fig. 3 , the only labeled compounds found were the four ribonucleoside monophosphates 2'(3')-AMP, 2'(3')-CMP, 2'(3')-GMP, and 2'(3')-UMP (determined by cochromatography with unlabeled markers). The identity of these products was further verified after elution from the chromatography plates by electrophoresis on cellulose sheets in pyridine-acetate buffer (results not shown). In parallel experiments, the products of uncoupled DNA synthesis with either OX DNA RNA hybrid (as in Table 2 ) or activated calf-thymus DNA as template primers (in the absence of RNA polymerase and ribonucleoside triphosphates) were analyzed. No labeled ribonucleotides were detected in hydrolysates of the product of calf-thymus DNA-mediated reactions. However, as in the coupled system, all four ribonucleotides became labeled in the reactions with OX DNA RNA hybrid as template. The amount of label transferred to ribonucleotides was 1-3% of the total acid-precipitable 32p in the coupled reactions, and 0.01-0.05% in uncoupled reactions. The relative frequency with which the four ribonucleotides occurred at the RNA-DNA link was determined by measurement of the radioactivity in the corresponding areas of the thin-layer sheets. For the coupled system, 28% AMP, 13% CMP, 23% GMP, and 36% UMP was observed. The product from an uncoupled reaction contained 25% AMP, 23% CMP, 32% GMP, and 20% UMP at RNA-DNA links.
The Action of Neurospora Nuclease and RNase H. Further information on the secondary structure of the RNA-DNA (10, ,000 cpm total, prepared as described in the legends to Figs. 1 and 2 ) and 20 ug of Neurospora nuclease.
Duplicate assays were incubated for 30 min at 37°.
Reaction mixtures for RNase H treatment contained in 0.1 ml: 0.05 M Tris-HCl (pH 7.9); 0.1 M NaCl; 10 mM MgCl2; 5-10 lig of RNase H, and sample as above. After 15 min of incubation, acid-precipitable radioactivity was determined.
* Sephadex G-75 eluate, as described in the legend to Fig. 1 . t Peak B from cesium sulfate gradient (Fig. 2) , concentrated by alcohol precipitation and purified on Sephadex G-75 as described in Fig. 1. t Aliquots of peak B from a cesium sulfate gradient (Fig. 2) , concentrated as described above, were incubated in reaction mixtures containing 1 M NaCl, 0.01 M Tris HCl (pH 7.5), 1 mM EDTA, and 10 Mg/ml of OX DNA for 5 hr at 680, and subsequently treated with Neurospora nuclease and RNase H. made in vitro was obtained by comparison of the effects of two specific nucleases, Neurospora nuclease and RNase H. Neurospora nuclease degrades both single-stranded RNA and DNA (14, 16, 17) . RNase H only degrades the RNA strand of complementary DNA RNA hybrids (5) .
The product of coupled RNA-DNA synthesis reactions was purified as described in the legend of Fig. 1 , and treated with nuclease ( Table 3 ). The synthetic RNA-DNA at this stage was completely resistant to the Neurospora enzyme, an indication that both the RNA and the DNA sections were hydrogen bonded to the complementary template DNA. RNase H almost completely degraded the RNA part of the synthetic mixed polymers, but had no effect on the new DNA. After denaturation of the native DNA RNA-DNA complex, removal of the template DNA by sedimentation in Me2SO gradients, and equilibrium centrifugation in cesium sulfate (see legends of Fig. 1 and 2 for details) , the RNA-DNA chains became sensitive (80-85%) to Neurospora nuclease, showing that they were now in a single-stranded configuration. At the same time, the majority (70%) of the RNA had become resistant to RNase H, indicating the absence of complementary DNA. When it was incubated for 5 hr at 68°i n 1 M NaCl with 10 Mg/ml of XX DNA, at least 80% of the purified product RNA-DNA could be reannealed to the template DNA, resulting in a reversal of the nuclease sensitivity. The results of these experiments are summarized in Table 3 .
DISCUSSION
Single-stranded circular DNA, like that of phage qX174, is a poor template for in vitro DNA synthesis, since it lacks the Proc. Nat. Acad. SC?". USA 69 (1972) complementary primer strands with free 3'-hydroxyl groups that are essential for initiation of the polymerizing action of DNA polymerases. It is known that initiation can be accomplished by the addition of oligodeoxyribonucleotides (15) . However, the experiments reported here demonstrate that short RNA chains, synthesized either before the action of DNA polymerase (uncoupled system) or simultaneously with DNA synthesis (coupled system) can also serve as primers for the production of DNA complementary to the circular template. Proof has been obtained for covalent linkage of the priming RNA to the newly made DNA via a 3': 5'-phosphodiester bond between the last ribonucleotide and the first deoxyribonucleotide, resulting in DNA chains with a small piece of RNA at their 5-ends.
All four ribonucleotides were found in RNA-DNA linkages, implying a lack of specificity for the in vitro system: RNA chains ending with any of the four ribonucleosides could be covalently extended by DNA polymerases.
A profound difference was noted in the response of various DNA polymerases: whereas KB DNA polymerase II and DNA polymerase from M. tuteus were about equally efficient, viral DNA polymerase could not operate at all in either coupled or uncoupled reactions. As observed by others (17) , the viral enzyme, although it generally can copy either RNA or DNA templates, is unable to act on DNA with extensive single-stranded regions.
Based on experiments with phage M13-infected E. coli cells, Brutlag et al. (4) have proposed RNA-primed DNA synthesis as a mechanism of DNA initiation in vivo. Rifampicin, a specific inhibitor of DNA-dependent RNA polymerase, prevented the conversion of parental phage DNA into the replicative form, as well as the subsequent synthesis of progeny DNA. Evidence for the direct participation of a transcriptional event in DNA replication in vivo had already been reported for phage lambda (3) , and has also been obtained for E. coli episomes (2) and the chromosome of E. coli (1) . My results obtained in vitro lend additional support to the notion that RNA-primed initiation of DNA synthesis may be a common mechanism.
Finally, I would like to call attention to the role RNase H may play in RNA-primed DNA synthesis. As reported above (Table 3) , RNase H is able to remove the priming RNA covalently linked to product DNA. Preliminary experiments (R. Crouch and W.K.) with this enzyme revealed an endonucleolytic mode of action, resulting in mono-and oligoribonucleotides that carry 5'-phosphate and 3'-hydroxyl groups. The 5'-termini of the DNA, remaining after removal of the priming RNA, also carry a 5'-phosphate. Thus, RNase H displays precisely the characteristics expected of a nuclease whose in vivo function is to remove priming RNA pieces from nascent DNA chains. Although RNase H has been isolated only from eukaryotic sources, it can be expected that similar enzymes will also be found in prokaryotic organisms. [RNase III from E. coli (18) , although it has a preference for doublestranded RNA, also does degrade RNA in DNA-RNA hybrids, and could be a candidate for a prokaryotic RNase HI. Furthermore, the occurrence of RNase H activity in avian myeloblastosis virus (19) suggests that this nuclease may participate in the production of double-stranded viral DNA by RNA-dependent DNA polymerase. In this system, viral RNA is first copied into a RNA DNA hybrid, followed by the appearance of double-stranded DNA (20, 21) . The mechanism of the latter reaction is not understood, but could readily be conceived to require RNase H action. Limited degradation of viral RNA at the RNA -DNA hybrid stage would lead to oligoribonucleotides with 3'-hydroxyl groups complementary to the newly synthesized single-stranded DNA, which in turn could serve as primers for the viral DNA polymerase (16, 22) , resulting in synthesis of double-stranded DNA. 
